Abstract
Intermetallic heavy-fermion metals, the ground states of which can be tuned readily by control parameters other than temperature, such as magnetic field, pressure or chemical composition, form attractive systems for the study of QCPs (1, 2) . Despite examples of QCPs in many heavy-fermion materials, their theoretical classification, analogous to that for thermally-driven phase transitions, is yet to be achieved (2, 3) . An extension of the theory of thermally-driven critical points to the zero-temperature limit predicts that only fluctuations of an order parameter (for example, the sublattice magnetization of a spin-density wave (SDW)) are singular in space and time at a critical value of the control parameter (4) (5) (6) . The Fermi surface evolves smoothly across the QCP. Though there is some experimental support for this model of a QCP, e.g., in CeCu2Si2 (7), the quantum critical response of some other heavy-fermion compounds is clearly inconsistent with its predictions (8) (9) (10) . Going beyond this conventional Landau framework, a qualitatively different model predicts a sharp reconstruction of the Fermi surface while crossing the QCP due to the essential involvement of the electronic degrees of freedom (11) (12) (13) . Such an unconventional QCP has been proposed to involve the critical destruction of the Kondo effect, in addition to fluctuations of the order parameter (3) . Behaviour that supports this type of QCP has been found in various heavy-fermion systems, including UCu5-xPdx (8), CeCu6-xAux (9) , and YbRh2Si2 (10) . In each material, however, direct evidence for a change in Fermi surface is lacking.
Besides the needs to verify the basic predictions of this model of QCPs, a further test of its validity is the more restrictive observation of a change in the Fermi surface as a function of multiple tuning parameters.
CeRhIn5, a heavy-fermion antiferromagnet with a Né el temperature TN ≈ 3.8K at ambient pressure (14) , is very suitable for this purpose. As shown in the schematic phase diagram at zero temperature (Fig. 1A) , application of pressure suppresses the antiferromagnetic (AF) order and induces superconductivity (15, 16) . In the presence of a modest magnetic field, sufficient to suppress superconductivity, an AF QCP is exposed through pressure tuning (15, 16) . A distinct change of the Fermi surface is observed across this pressure-induced QCP via dHvA oscillations (Fig. 1A , blue arrow) that find a large Fermi surface, like that of CeCoIn5, above the QCP (17) . In addition, the AF order of CeRhIn5 is robust against magnetic field at ambient pressure (18) . Thus, CeRhIn5 permits measurements of magnetic quantum oscillations across its field-tuned QCP at ambient pressure, providing a rare system in which the nature of QCPs can be probed using more than one tuning parameter.
Here, we report our study of the phase transitions in CeRhIn5 at ambient pressure using isothermal measurements of the ac heat capacity and dHvA oscillations in pulsed magnetic fields of up to 72 T (see 
Evidence for a field-induced reconstruction of Fermi surface
Well inside the AF state, a field-induced sharp change of Fermi surface is evidenced in the Hall resistivity xy(B) and the dHvA oscillations. In Fig. 3B , we show Fourier transforms of the dHvA oscillations obtained at T = 0.33 K for B//c, which were measured by using a torque technique (CuBe cantilever) in dc fields of up to 45 T. For B<30 T, several dHvA frequencies and their harmonics are well identified, which coincide with previous results (19) . With increasing field, new (or shifted) dHvA frequencies, labeled α1, α2 and 1, show up above B *  30 T. Figure 3C plots the field evolution of the dHvA amplitudes of the α1 branch at several temperatures; the α2 and 1 branches show similar behavior. Evidence for an isotropic reconstruction of Fermi surface can be inferred from measurements with fields applied along the a-axis. Figure 4A shows the results of dHvA oscillations measured with a piezo-cantilever in quasistatic fields provided by a 45 T hybrid magnet (B//a). This measurement is extremely sensitive to tiny changes of the magnetization of the sample and thus provides a largely enhanced resolution.
Unfortunately, due to experimental constraints, we could only measure the sample up to 38 T at one temperature (T = 0.31 K). After subtracting the background, a pronounced change of dHvA oscillations is seen clearly around B * 30.5 T (upper inset of Fig. 4A ).
In the lower inset of High-frequency dHvA oscillations potentially could emerge with increasing magnetic field due either to the so-called Dingle damping factor or to magnetic breakdown (20) . However, it is clear from Fig. 3 and Fig. 4A evolves smoothly across the latter transition. This is in contrast to the transition caused by pressure at relatively low field, at which the Kondo destruction and magnetic transition take place simultaneously, leading to a jump of the Fermi surface at the zero-temperature continuous AF phase transition (17) . We note that the dynamical Kondo effect makes the mass heavy even when the Fermi surface is small (3, 23) . According to this model, the AF QCP associated with the pressure-induced superconducting dome is then likely to be of the unconventional type. This indicates that heavy-fermion superconductivity not only arises in the vicinity of SDW-type QCPs (7, 25) , but can also be driven by electronic fluctuations arising from such an unconventional QCP at which the Kondo effect is destroyed.
Our experimental results and understandings have implications beyond CeRhIn5.
They can be connected to the disparate results in a variety of heavy-fermion materials.
Considerable evidence already exists that pure YbRh2Si2 under magnetic-field tuning (10) and CeCu6-xAux under the variation of doping (9) feature Kondo destruction at their respective AF QCP. On the other hand, there also is evidence for Kondo destruction inside the AF region of Co-doped YbRh2Si2 (26) as well as in magnetic-field-tuned CeCu6-xAux (28) and Ce3Pd20Si6 (29) . In CeIn3, dHvA frequencies and the corresponding cyclotron masses of heavy-hole pockets undergo a sharp increase near 40 T, which is below the critical field needed to suppress AF order to a QCP (30) . This suggests the possibility of a similar localization/itinerant transition inside its AF phase, even though dHvA oscillations associated with the large Fermi surface have not yet been observed at high fields. In a related vein, it has been suggested that Kondo destruction occurs outside the AF region in materials such as Ir-doped YbRh2Si2 (26) and Yb2Pt2Pb (27) . Our Fermi-surface characterization of multiple quantum phase transitions in a single compound not only provides new understandings for CeRhIn5, but also strengthens the case that the quantum phase transitions of the other electroncorrelated materials may be placed on the proposed global phase diagram.
Methods
A detailed description of the methods and materials is given in the Supporting Information. Single crystals of CeRhIn5 were grown by a flux method. Room-temperature powder X-ray diffraction measurements revealed that all the crystals are single phase and crystallize in the tetragonal HoCoGa5 structure. The orientation of the crystal was determined by X-ray Laue diffraction (SI Appendix, section 1). Heat capacity and dHvA oscillations were measured in pulsed field magnets at the Los Alamos National Laboratory Pulsed Field Facility (SI Appendix, section 2). A typical sample size for this study is about 1mm0.5mm0.1mm. An ac calorimeter was used for heat capacity measurements at fields up to B = 53 T and temperatures down to T = 0.9 K. Subtractions of the field-independent addenda contributions from the total heat capacity allow us to determine the absolute values of heat capacity for the sample. (17) . On the other hand, as shown in this work, a sufficiently strong magnetic field at ambient pressure also continuously suppresses the AF phase at Bc0. In this case, the Kondo destruction takes place inside the AF state, and the AF QCP is likely to be of a SDW-type. Further measurements are to be performed to determine experimentally the phase diagram in the regime of finite pressures and high magnetic fields.
Supporting Information

Sample preparation
Single crystals of CeRhIn5 were grown from In flux. High-purity elements Ce (99.99%), Rh (99.95%) and In (99.99%) were combined in a ratio of 1:1:20, and the mixture was placed in an alumina crucible which was sealed in an evacuated quartz ampoule. The sealed quartz ampoule was heated to 1100 o C over a period of 10 h and kept at this temperature for 4 h to ensure complete melting of all the components. The melt was cooled slowly to 700 o C at a rate of 4 C/h. At this point, excess In flux was decanted by centrifuging. Room-temperature powder X-ray diffraction revealed that all the crystals were single phase and crystallized in the tetragonal HoCoGa5 structure. The orientation of the crystal was determined by X-ray Laue diffraction.
Measurements of ac heat capacity in a pulsed magnetic field
The heat capacity was measured in two different pulsed magnets at Los Alamos National Laboratory: (1) a capacitor-bank driven mid-pulse magnet with a maximum field of 50 T and duration of 250 milliseconds and (2) a motor-generator-driven long-pulse magnet with a controlled waveform up to 60 T, with total pulse duration of about 2 seconds. Experimental details are described in ref. 1. He gas whose contribution to the total heat capacity was negligible. In this configuration we measure the total heat capacity (Ctotal) as the sum of the sample (Csample) and addenda heat capacities (Caddenda).
Here, the contributions to the addenda are due to the heater, thermometer and epoxy layer. 2) and in a pulsed magnetic fields (symbols; this study). In the latter case, the temperatures are normalized by the corresponding field-dependent Né el temperature. TN is defined as the temperature of the maximum in Cp/T vs T. The lambda-type anomaly indicates a second-order phase transition. In Fig. S3 , we show the magnetic field dependence of Cp/T for CeRhIn5 at various temperatures and for the magnetic field B//a-axis. Low field anomalies around 2.5 T indicate a metamagnetic transition as described in the main text. The pronounced maximum in Cp/T(B) marks the onset of the antiferromagnetic transition which shifts to higher field with decreasing temperature. We note that TN(B) , determined from the peaks of Cp(T)/T measured at fixed magnetic fields in the Quantum Design  PPMS-16T and in a quasistatic 35T magnet (cf. Fig.   S2 ), is highly consistent with our heat capacity data obtained in pulsed magnetic fields at constant temperatures (see the main text).
Measurements of Hall resistivity
The Hall resistivity was measured by using a standard four-point method in the 45T hybrid magnet at NHMFL Tallahassee FL, USA. The electrical contacts were prepared by using the spot welding method. In this study, a magnetic field was applied along the c-axis and a longitude current of 10mA flows in the ab-plane of a thin crystal with dimensions of 2mm2mm0.2mm. The transverse Hall voltage was measured by using a LakeShore 370 ac resistance bridge. During the measurements, the sample was immersed in 3 He liquid. Great care was taken to ensure that there was no sample heating by checking that the result was independent of the excitation current. The voltage contacts are well aligned perpendicularly with respect to current. Thus, the contributions from the magnetoresistance to the Hall signals are negligible, which was carefully examined by rotating the sample by 180°.
de Haas-van Alphen (dHvA) effect: measurements and data analyses
As a consequence of the quantization of closed electronic orbits in a magnetic field, the magnetic susceptibility in a metal periodically oscillates as a function of the reciprocal magnetic field (1/B). The oscillatory frequencies are proportional to the extremal areas of the Fermi surface, i.e., fi = 1/(1/B) = ħAi/2e. Here fi is the dHvA frequency, e is the charge of the electron and Ai the extremal cross-section of the ith branch of the Fermi surface in a plane perpendicular to the magnetic field.
In this study, we measured the dHvA oscillations using two different techniques, i.e., a torque method in a quasi-static magnet up to 45 T and an induction method in a pulsed magnetic field up to 72 T. Fig. S4 presents the dHvA signals obtained in a pulsed field at T = 0.42K, 0.5K and 0.6K for B//a, which show clear quantum oscillations. As seen in Fig. S4 , there is a metamagnetic transition at BM and an AF transition at Bc as marked by the arrows. Error bars on Fig. 5A (main text) are the result of uncertainty in determining its value from the construction illustrated in Fig. S4 . Fourier spectra obtained at various magnetic fields and over various magnetic field windows of width B. Narrowing the magnetic field windows degrades the resolution of the Fourier spectra.
Bc(T) shown in
Band structure calculations of CeRhIn5
In order to understand the dHvA frequencies observed in the different magnetic-field regimes, we calculated the dHvA frequencies using the Fermi surfaces of CeRhIn5 determined from first-principles band structure calculations. Such calculations were carried out assuming the Ce 4f electrons to be either localized or itinerant. Initial band structure calculations for CeRhIn5 were performed by taking the 4f electrons as itinerant [4] , and the dHvA frequencies were obtained for magnetic field oriented along both [100] and [001] directions. A localized nature of the 4f electrons in CeRhIn5, however, was proposed based on a comparison of its dHvA spectrum to that of LaRhIn5, which has no 4f electron [5] . This was further supported by direct calculations of the dHvA frequencies that assumed the Ce 4f-electrons to be localized in CeRhIn5, which provided a better description of the experimental data [6] . Considering that, in the present experiment, we applied the magnetic field along the [100] direction and that no corresponding dHvA frequencies have been calculated from the band structure for the case of localized Ce 4f scenario, we performed a systematic study of the electronic structure for CeRhIn5 within the framework of density functional theory. The full-potential linearized augmented plane wave method as implemented in the WIEN2k code [7] was used. The spinorbit coupling was included in a second-variational procedure. A generalized gradient approximation of Perdew, Burke, and Ernzerhof [8] was used for the treatment of exchange and correlation interactions. The energy threshold to separate the localized and delocalized electronic states was chosen to be -6 Ryd. The muffin-tin radii are 2.5 a0 for Ce, 2.5 a0 for Rh, and 2.43 a0 for In, where a0 is the Bohr radius. The extremal Fermi-surface cross sections were calculated using the Supercell K-space Extremal Area Finder, Version 1.2.0.r124 [9] . We should note that such an electronic structure calculation with core-4f electrons does not capture the dynamical competition between the RKKY and Kondo interactions from which an antiferromagnetic phase with a small Fermi surface (AFS) has been theoretically determined in Kondo lattice models. However, because Fermi surface is a ground-state property, the core-4f-based electronic structure calculation is expected to well describe the Fermi surfaces of the AFS phase, under the standard assumption that the electron self-energy has only a smooth dependence on momentum. We also note that the electronic structure calculations are done in the paramagnetic state, so its comparison with the experimentally measured dHvA frequencies is appropriate for sheets of the Fermi surfaces that either do not touch the AF-zone boundary, or acquire only small energy gaps which are then magnetically broken down in the field range. Band direction. Such a field misorientation is quite possible in our experiments. In the itinerant case, where dHvA frequencies compare well with those measured in LaRhIn5 [5] . It has been well established that the Fermi surfaces of these two reference compounds (CeCoIn5 and LaRhIn5)
are respectively large and small; in the former case the itinerant Ce 4f electrons contribute to the Fermi sea [5] . Such a consistency provides additional evidence that the change of Fermi surface at B = B * is attributed to a field-induced delocalization of Ce 4f electrons in CeRhIn5.
7.
The schematic magnetic field-pressure phase diagram of CeRhIn5 and its relation to a multi-parameter theoretical phase diagram. The outer layer with faded color shows the theoretical global phase diagram [11] . Embedded in it is a schematic magnetic field-pressure phase diagram of CeRhIn5 at T = 0. The phases AFS, AFL, PS and PL represent antiferromagnetic (AF) or paramagnetic (P) states with large ("L") or small ("S") Fermi surfaces.
A pressure-induced AF QCP exists at low field and is accompanied by a sharp change of the Fermi 
